The radiation sensitivity and the toxigenic potential of conidiospores of the fungus Aspergillus alutaceus var. alutaceus were determined after irradiation with 60Co gamma rays and high-energy electrons. Over the pH range of 3.6 to 8.8, the doses required for a 1 loglo reduction in viability based on the exponential portion of the survival curve ranged from 0.21 to 0.22 kGy, with extrapolation numbers (extrapolation of the exponential portion of the survival curve to zero dose) of 1.01 to 1.33, for electron irradiation, and from 0.24 to 0.27 kGy, with extrapolation numbers of 2.26 to 5.13, for gamma irradiation. Nonsterile barley that was inoculated with conidia of the fungus and then irradiated with either electrons or gamma rays and incubated for prolonged periods at 28°C and at a moisture content of 25 % produced less ochratoxin A with increasing doses of radiation. Inoculation of barley following irradiation resulted in enhanced ochratoxin levels compared with unirradiated controls. In these experiments, inoculation with 102 spores per g produced greater radiation-induced enhancement than inoculation with 105 spores per g. There was no radiation-induced enhancement when the barley was surface sterilized by chemical means prior to irradiation. These results are consistent with the hypothesis that a reduction in the competing microbial flora by irradiation is responsible for the enhanced mycotoxin production observed when nonsterile barley is inoculated with the toxigenic fungus A. alutaceus var. alutaceus after irradiation.
the survival curve ranged from 0.21 to 0.22 kGy, with extrapolation numbers (extrapolation of the exponential portion of the survival curve to zero dose) of 1.01 to 1.33, for electron irradiation, and from 0.24 to 0.27 kGy, with extrapolation numbers of 2.26 to 5.13, for gamma irradiation. Nonsterile barley that was inoculated with conidia of the fungus and then irradiated with either electrons or gamma rays and incubated for prolonged periods at 28°C and at a moisture content of 25 % produced less ochratoxin A with increasing doses of radiation. Inoculation of barley following irradiation resulted in enhanced ochratoxin levels compared with unirradiated controls. In these experiments, inoculation with 102 spores per g produced greater radiation-induced enhancement than inoculation with 105 spores per g. There was no radiation-induced enhancement when the barley was surface sterilized by chemical means prior to irradiation. These results are consistent with the hypothesis that a reduction in the competing microbial flora by irradiation is responsible for the enhanced mycotoxin production observed when nonsterile barley is inoculated with the toxigenic fungus A. alutaceus var. alutaceus after irradiation.
There has been increasing interest in the use of ionizing radiation, particularly high-energy electron beams, for killing endogenous insects in stored cereal grains. Indeed, for several years grains imported into the USSR through the port of Odessa have been disinfested, when necessary, by irradiation with electrons. Since the work of Jemmali and Guilbot (11) and several subsequent studies (1) (2) (3) (19) (20) (21) (22) , concerns about enhancement of production of mycotoxin resulting from gamma irradiation have been raised. In these studies, higher levels of mycotoxins, such as aflatoxins produced by toxigenic strains of Aspergillus flavus or Aspergillus parasiticus or ochratoxins produced by Aspergillus ochraceus, were found in irradiated grains or foods than in unirradiated controls. In other studies (4, 10, 17, 18) , increased levels of mycotoxins were not observed in irradiated grains. In many of the studies (20) (21) (22) ) the workers used heat-sterilized substrates that were inoculated and then irradiated or that were inoculated with irradiated toxigenic cultures. These experiments often demonstrated enhanced mycotoxin production compared with unirradiated substrates or cultures. The interpretation of such results in relation to normal grain-or food-handling practices is difficult.
Grains in commercial trade undergo various handling and storage practices, depending on climatic conditions and market demands. Exposure of grains to high moisture levels is most likely to occur during harvest, but may occur at other stages between production and final consumption. Mycotoxin contamination of grain is difficult to predict because it depends on a complex interaction of factors, such as temperature, moisture, the kind of grain, endogenous fungal * Corresponding author. species, storage history, storage time, type of transit, and transit time. The moisture content and temperature are the most important variables in determining the rate of deterioration and the rate of mycotoxin production by fungi.
If irradiation for disinfestation were to be utilized, the most suitable location for irradiation would be at major terminals. Consequently, any experimentation on the effects of irradiation on mycotoxin production must examine these effects after both pre-and postirradiation inoculation of toxigenic fungi, since in actual practice contamination can occur at any time. Ideally, experimentation should be done under conditions that are representative of the conditions present during actual grain handling, but since fungi require certain minima of moisture and temperature for growth and toxin production, which generally are avoided in practice, such an approach would be extremely time consuming. Consequently, we examined the effects under conditions that are almost ideal for growth of the test organism, realizing that this is close to a worst-case scenario as far as grain-handling conditions are concerned. The test organism which we used was strain NRRL 3174 of Aspergillus alutaceus var. alutaceus Berkely et Curtis, which has been reported to yield enhanced ochratoxin production (3, 18) with irradiated substrates. This study was intended to determine whether radiation enhancement of ochratoxin production does occur and, if so, under what conditions it occurs. We also attempted to describe the mechanisms involved in this phenomenon.
In addition, since the use of electron beam radiation for disinfestation purposes is relatively new, we also examined the efficiency of this method for inactivating conidiospores of our test fungus compared with the efficiency of 60Co gamma radiation. kGy/s). Dosimetry was performed by using radiochromic film and previously described methods (15) . The survival levels of the spore suspensions were determined by serially diluting the preparations and plating duplicate samples onto PDA plates acidified to pH 3.5 with tartaric acid. The plates were incubated at 28°C for 4 days, after which colonies were counted and survival curves were constructed.
MATERIALS AND METHODS

Media
Radiation effects on ochratoxin production. Samples (200 g) of barley (Hordeum vulgare cv. Bedford) were irradiated with various doses ranging from 0 to 4 kGy by using either 60Co gamma rays or 10-MeV electrons. The barley samples were inoculated with spores (102, 105, or 106 spores per g) of A. alutaceus var. alutaceus either before or after irradiation. Prior to irradiation the barley was preconditioned for 24 h at 4°C to a moisture content of 25% (dry weight basis). Following irradiation the samples were maintained at 28°C in a humidified incubator for 50, 51, or 113 days. The ochratoxin A levels and numbers of fungal colony-forming units either were determined at the end of the incubation period or were followed serially by aseptically withdrawing samples (approximately 30 g) at various times during the incubation period. These samples were thoroughly mixed, and duplicate subsamples (1 g) were shaken in 10 ml of sterile water with approximately 5 g of sterile sand. Decimal dilutions of the supernatant were plated onto acidified PDA. The plates were incubated for 4 Toxin production as a function of pre-and postirradiation inoculation. When barley was inoculated with conidia of the toxigenic fungus (106 conidia per g), irradiated with specified doses of either gamma or electron radiation, and incubated as described above, there was less ochratoxin A production at all doses after 51 days than in the unirradiated control (Table 2 ). Mycotoxin production was not detected after 3.03 kGy of electron radiation and 4.0 kGy of gamma radiation. These inactivation doses that resulted in complete elimina- incubation period. As shown in Fig. 1A , the mycoflora were reduced to levels of less than 10 CFU/g by the 2-kGy radiation dose, as determined immediately after irradiation, and following regrowth the maximum level was not reached until after 37 days of incubation. The other fungi were mostly Penicillium and Aspergillus species, but after 18 days of incubation there was an increasing proportion of A. alutaceus var. alutaceus, indicating that some conidia of this toxigenic fungus survived the radiation treatment and that the numbers of this organism increased with increasing incubation time to become the major fraction of the colonyforming propagules at later times in the incubation period. However, the toxin production was lower than that in the unirradiated control. In the unirradiated but inoculated control sample the major proportion of fungus propagules were A. alutaceus var. alutaceus propagules throughout the entire incubation period.
As Fig. 1 also shows, postirradiation inoculation of the barley resulted in enhancement of ochratoxin A production, with greater enhancement if the barley was inoculated with 102 conidia per g (Fig. 1F) than if it was inoculated with 10i conidia per g (Fig. 1E) . These results are consistent with those of other workers (12, 17) who have shown similar effects with aflatoxin-producing fungi. The unirradiated and inoculated control produced only low levels of ochratoxin A (Fig. 1F) .
The levels of enhancement that resulted from postirradiation inoculation could be explained by the following two possible mechanisms: (i) irradiation affected the grain substrate in a way that increased ochratoxin A production when preparations were inoculated with A. alutaceus var. alutaceus; and (ii) irradiation eliminated some of the competing flora so that inoculation with the fungus resulted in better growth and toxin production by the fungus. To determine which mechanism was responsible, we performed radiation experiments after alteration of the endogenous flora.
Mycotoxin production after alteration of the competing flora. The two surface-sterilizing agents which we used, mercuric chloride (Fig. 2 ) and sodium hypochlorite (Fig. 3) , had similar effects on ochratoxin A production on the substrate when the substrate was -inoculated postirradiation with A. alutaceus var. alutaceus and incubated for 50 days.
In both cases ochratoxin A levels were higher in the surfacesterilized grain than in the control grain at all radiation doses, including the unirradiated controls. The chemically untreated grain produced increasing levels of ochratoxin A as a function of radiation dose as described above (Fig. 1) . These data are consistent with the hypothesis that elimina- (Table 3) . We realized that the isolation procedure may have enriched some microbial species relative to others present in the grain, but it was clear that the added organisms were derived from the grain and had a profound effect on ochratoxin A production by A. alutaceus var. alutaceus. This is additional evidence that the observed enhancement of ochratoxin production when irradiated grain was inoculated with the toxigenic fungus was caused by a reduction in the competing microbial flora by the radiation.
There have been several descriptions (7, 8, 13, 16) (23, 24) of both decreases in and enhancements of mycotoxin levels after fumigation, but much more extensive work is needed. Fumigation has been used for several decades in the grain industry, and an estimate of the risk of mycotoxin enhancement arising from the elimination or reduction of the competing microbial flora can be made on the basis of this past experience. We have previously described (5) the isolation of A. alutaceus variants that exhibit both increased and decreased toxigenicity from grain that was inoculated and then irradiated. In our studies we have never encountered any enhancement of mycotoxin production in grain that was inoculated prior to irradiation. Consequently, any variants that have the potential for producing greatly increased amounts of ochratoxin A in sterilized grain must not be able to compete as effectively as the parent strain with the existing flora in nonsterilized grain. In this study we found that in the A. alutaceus var. alutaceus-ochratoxin A model, elimination of the competing flora may be the major contributor to enhancement of mycotoxin production by irradiation. However, the general applicability of this hypothesis to other mycotoxin systems will require further study.
